Key Words Nano-titanium dioxide • In vitro • VEGF and western blot Abstract Background/Aim: The present study investigated the in vitro and in vivo effects of individual and combined doses of idebenone, carnosine and vitamin E on ameliorating some of the biochemical indices of nano-sized titanium dioxide (n-TiO 2 ) in mice liver. Methods: The in vitro cytotoxic effect of nano-sized anatase TiO 2 (21 nm) on hepatic cell lines (HepG 2) was investigated. Additionally, n-TiO 2 was orally administered (150 mg/kg/day) for 2 weeks, followed by a daily intragastric gavage of the aforementioned antioxidants for 1 month. Results: n-TiO 2 induced significant cytotoxicity in hepatic cell lines and elevated the levels of serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), hepatic total antioxidant capacity (TAC) and nitrite/nitrate (NOx) levels. Meanwhile, glutathione-S-transferase (GST) activity was significantly reduced. Moreover, RT-PCR and western blot analysis showed that n-TiO 2 significantly altered the mRNA and protein expressions of transforming growth factor-beta (TGF-β1) and Smad-2, as well as vascular endothelium growth factor (VEGF). Histopathological examination of hepatic tissue reinforced these results. Conclusion: Idebenone, carnosine and vitamin E ameliorated the deviated parameters with the combination regimen demonstrating the most pronounced effect. Oxidative stress, liver fibrosis and angiogenesis may be implicated in n-TiO 2 -induced liver toxicity.
Introduction
Metallic nanoparticles (NPs) are used in cosmetics, sunscreens, food products, implanted medical devices as cardiovascular stents, dental implants and spinal fixation devices. The success of engineered nanomaterials is due to their small size, large surface area, quantum size effects and high reactivity. However, the increasing use of these nano-materials has aroused global concern regarding their fate in biological systems [1, 2] . Therefore, it is important to clarify the effects of various NPs on organs health, as well as the pathogenic mechanisms involved.
Nano-sized titanium dioxide (n-TiO 2 ), a widely used metallic NP, can accumulate in the lung, liver, spleen, heart, and brain, thereby increasing the production of reactive oxygen species (ROS), generating various inflammatory responses [3] and inducing apoptosis or necrosis [4] . Interestingly, n-TiO 2 is a potent inducer of transforming growth factor-beta (TGF-β) expression, partly via an interleukin-1 beta (IL-1β)-dependent mechanism [5] . n-TiO 2 also induced higher levels of transcription factors, Smads, and growth factors [6] .
Alternative drugs from natural and synthetic antioxidants have attracted the interest of many researchers in this field due to the hazards of treatment failure, drug resistance and heavy costs associated with current hepatic therapy [7] . In this study, the efficacy of three antioxidants, either alone or in combination, has been tested against n-TiO 2 -induced liver injury. Idebenone [2, 3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4 benzoquinone] is a synthetic analog of coenzyme Q10 (CoQ10), the vital cell membrane antioxidant and essential constituent of the ATP-producing mitochondrial electron transport chain (ETC) [8] . Idebenone is a potent antioxidant; it has the ability to operate under low oxygen tension situations and to cause inhibition of lipid peroxidation [9, 10] . Carnosine (b-alanyl-L-histidine) is highly concentrated in muscle and brain tissues. It is a potent and selective scavenger of unsaturated aldehydes [11] . Likewise, vitamin E is a chain-breaking antioxidant, which prevents the propagation of oxidative stress in biological membranes [12, 13] , inhibits hepatocarcinogenesis, abolishes inducible nitric oxide synthase (iNOS) expression and suppresses TGF-α [14] .
Materials and Methods
Chemicals Titanium dioxide nanoparticles (particle size 21 nm), idebenone, carnosine and vitamin E were purchased from Sigma-Aldrich Co (St. Louis, MO, USA). TiO 2 NPs were suspended in 1 % tween 80 and dispersed by ultrasonic vibration for 15 min. The size distribution of the NPs in the suspension (hydrodynamic size) and the zeta potential were analyzed with a Brookhaven 90 Plus particle size analyzer. Scanning electron microscopy (SEM) was used to evaluate size of TiO 2 NPs.
Animals
Male Wistar albino mice, weighing 20 -25 gm, obtained from the animal house of National Research Center were kept at standardized conditions. They were allowed free access to water and standard chow diet. All procedures relating to animal care strictly adhered to the ethical procedures approved by Animal Care and Use Committee of Faculty of Pharmacy, Cairo University and comply with the Guide for Care and Use of Laboratory published by the US National Institute of Health (NIH publication No. 85-23, revised 1996).
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The afore-mentioned antioxidants were suspended in tween-80 and given to animals through intragastric gavages. Treatment was carried out for 1 month after n-TiO 2 -intoxication.
Blood sampling and liver tissue preparation 24 hours following the last administered dose, mice were sacrificed; the blood was collected from the sublingual vein and serum was separated. Then livers were harvested, washed with saline and weighed. They were homogenized in 4 volumes of phosphate buffer, pH 7.4. for biochemical determinations. The remaining part was divided into three portions for western blot, PCR analysis as well as histopathological examination.
Measured parameters
Cytotoxic effect on hepatic human cell line (HepG 2). Cell viability was assessed by the mitochondrial dependent reduction of yellow MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to purple formazan. Cells were suspended in RPMI 1640 medium for HepG2. The media were supplemented with 1% antibiotic-antimycotic mixture, 1% L-glutamine and 10% fetal bovine serum and kept at 37 °C under 5% CO 2 then cultured 10 days, seeded at concentration of 10x10 3 cells/well in fresh complete growth medium at 37 °C for 24 h under 5% CO 2 . 40ul MTT salt (2.5μg/ml) were added and incubated for 4 hr at 37°C under 5% CO 2 followed by 10% Sodium dodecyl sulphate in deionized water. DMSO is the used vehicle [19] .
Serum alanine and aspartate aminotransferases (ALT&AST) activities. They were estimated spectrophotometrically according to the method of Reitman and Frankle [20] using diagnostic kits provided by Randox Company.
Hepatic total antioxidant capacity (TAC) level. It was estimated according to manufacturer's instructions using Randox kits [21] . Hepatic glutathione-S-transferase (GST) activity. It was estimated according to manufacturer's instructions using Randox kits [22] .
Hepatic total Nitrite/Nitrate (NOx) level. It was measured according to the method of Miranda et al., [23] using kit provided by Randox Company. The method employs the reduction of any nitrate to nitrite by vanadium chloride followed by detection of total nitrite by Griess reagent at 540 nm.
Quantitative real-time polymerase chain reaction (qRT-PCR) for analysis of hepatic TGF-β1, Smad-2 and VEGF mRNA expressions
Total RNA was isolated using Tripure Isolation Reagent (Roche) according to the manufacturer's instructions. Complementary DNA (cDNA) was generated using Superscript Choice systems (Life Technolgies, Breda, Netherlands) according to the manufacturer's instructions. To assess the mRNA expression of TGF-β1, Smad-2 and VEGF, RT-PCR was performed using SYBR green PCR Master mix (Applied Biosystems, CA, USA) as described by the manufacturer. All primers were purchased from Shine Gene (China).The temperature profile was as follows: 94°C for 3 min, 94°C for 20 sec, 60°C for 20 sec and 72°C for 20 sec for 35 cycles. The values of RT-PCR products were normalized with respect to endogenous β-actin product levels [24] . Primers were represented in Table 1 .
Western blot of hepatic TGF-β1, Smad-2 and VEGF protein expressions
A Part of liver was homogenized in lysis buffer and centrifuged at 14,000 rpm for 15 min at 4 o C. Proteins were separated using 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The gel was transferred onto a nitrocellulose membrane which was blocked with 5% w/v nonfat dry milk and incubated overnight with the specific primary antibodies (TGF-β1, Smad-2, VEGF). The membranes were [25] .
Histopathological Examination
Liver specimens were fixed in 10% formaldehyde for 24 hr, and then processed for embedding in paraffin. Sections of 4 µm were stained with Masson ҆ s Trichrome stain and examined under light microscope for collagen fiber contents [26] .
Statistical Analysis
Data were expressed as the mean ± S.E.M. Statistical analysis was performed using Instat-3 computer program (Graph pad software Inc, San Diego, CA, USA). One way analysis of variance (ANOVA) by SPSS 12 program followed by Post HOC and turkey's test were used to determine the differences between means of different groups. The level of significance was set at p-value < 0.05.
Results

Characterization studies
Characterization studies of n-TiO 2 revealed that the mean hydrodynamic diameter and zeta potential of the NPs suspension were 24.27 ± 1.5 nm and -11.1 ± 1 mV, respectively. The average size reported by SEM was 21 ± 12 nm. Only 56 ± 6 % of particles possessed this size; remaining particles were agglomerates ranging from 100 to 200 nm. Figure 1 representative SEM image of n-TiO 2 .
Cytotoxic effect on HepG 2 cell lines n-TiO 2 increased cytotoxicity by 407% while idebenone, carnosine, vitamin E and their combination reduced the cytotoxicity by 71%, 22%, 39% and 100% at 100 ppm, respectively implying the hepatotoxic effect of n-TiO 2 particles and the hepatoprotective effect of these antioxidants especially idebenone and the combination regimen. Table 2 . Effect of idebenone (ID), carnosine (CR), vitamin E (Vit.E) and their combination on relative liver weight as well as serum aminotransferases activities in n-TiO 2 -induced liver damage. Data were expressed as means ± S.E.M (n=10). Groups having similar letters are not significantly different and those having different letters are significantly different. RLW: relative liver weight, ALT: alanine aminotransferase, AST: aspartate aminotransferase. 
Inhibition of n-TiO2 induced liver injury n-TiO 2 increased significantly the relative liver weight as well as serum levels of ALT and AST as compared with the control values ( Table 2) . On the other hand, idebenone, carnosine, vitamin E, significantly reduced these parameters relative to n-TiO 2 intoxicated group. The tested parameters were reverted back to near normal when the three antioxidants were administered in combination.
Modulation of oxidative stress biomarkers n-TiO 2 intoxication induced a state of oxidative stress evidenced by a reduction of liver GST along with an increment of (TAC and NOx) levels as compared with control (Table 3) . Administration of idebenone, carnosine, vitamin E or their combination significantly elevated GST activity as compared with intoxicated animals. Meanwhile, the TAC and NOx values were decreased following these antioxidants with the combination regimen displaying the most pronounced effect relative to n-TiO 2 .
qRT-PCR and western blot (Table 4 and Fig. 2, 3 ) revealed that n-TiO 2 up-regulated mRNA and protein expression of TGF-β1, Smad-2 and VEGF by almost 4.6, 4.09, 4.05 and 9.07, 9.26, 10.4 folds respectively, as compared with the control value. Administration of idebenone, carnosine, and vitamin E noticeably down-regulated their expression level with the combination regimen showing the most significant effect in comparison with animals intoxicated by n-TiO 2 . Figure 4 showed that n-TiO 2 intoxicated group displayed severe fibrosis with massive collagen fiber infiltration (B). Idebenone and carnosine groups showed some collagenous fibers in the portal area (C and D). On the other hand, mice treated with vitamin E showed very little collagen fibers (E). Apparently normal liver architecture was seen in the combination group (F). Table 3 . Effect of idebenone (ID), carnosine (CR), vitamin E (Vit. E) and their combination on hepatic total antioxidant capacity, glutathione-S-transferase activity and nitrite/nitrate level in n-TiO 2 -induced liver damage. Data were expressed as means ± S.E.M (n=10), Groups having similar letters are not significantly different and those having different letters are significantly different. TAC: total antioxidant capacity GST: glutathione-s-transferase, NOx: nitrite/nitrate Table 4 . Effect of idebenone (ID), carnosine (CR), vitamin E (Vit. E) and their combination on mRNA protein expression of TGF-β, Smad-2 and VEGF in n-TiO 2 -induced liver damage. Data were expressed as mean ± S.E.M (n=10), Groups having similar letters are not significantly different and those having different letters are significantly different.. TGF-ß: transforming growth factor beta, VEGF: vascular endothelium growth factor Abdelazim et al.: Smad-2 and TGF-β1 and VEGF Signaling in n-TiO 2 Induced Oxidative Injury Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Histopathological findings
Discussion
Studies have described several toxic effects due to anatase n-TiO 2 relative to other forms. In fact, anatase n-TiO 2 produces greater responses, particularly a reduction in cell viability and an increase in inflammatory indices and ROS generation.
The current study revealed that TiO 2 induced liver damage, both in vivo and in vitro, and that idebenone, carnosine, vitamin E, and their combination alleviated that damage. This finding demonstrated that the liver is one of the target organs of NPs toxicity. Previously, liver damage was induced by excess oral titanium powder administration, boosting the ALT/ AST ratio, the activity of lactate dehydrogenase, liver weight, and the induction of hepatocyte necrosis [27, 28] . Elevated levels of ALT and AST in n-TiO 2 group indicated cellular leakage and loss of functional integrity of cell membranes in the liver [4] . Moreover, increased relative liver weight could be attributed to TiO 2 accumulation in liver tissue. On the other hand, the reduction in hepatic enzyme levels following the administration of these antioxidants implied their possible protective effect on hepatocytes. In agreement, idebenone was reported to protect against bile acid-induced hepatocellular injury and lipid peroxidation [10] . Carnosine protected the liver against ischemia and lowered the markers of liver damage (ALT, AST and myeloperoxidase) [29] . Similarly, the protective effect of vitamin E against hepatic tissue injury was previously documented [30] . n-TiO 2 triggered an oxidative attack that was represented by an elevation in TAC and a reduction of the antioxidative defense mechanism represented by GST [31] . n-TiO 2 was found to release ROS (•OH and O 2
•− ). The interaction between H 2 O 2 and O 2 •− can create •OH and 1O 2 , which are far more destructive and can peroxidize the unsaturated lipids of the cell membrane [32] . Treatment with idebenone, carnosine, vitamin E and their combination alleviated these changes to a variable degree. Previously, idebenone has been shown to protect against hepatocellular injury and prevent hydroperoxide production [10] . Carnosine significantly alleviated oxidative stress by increasing reduced glutathione (GSH) content, decreasing the formation of malondialdehyde (MDA), ROS, and oxidized glutathione (GSSG), and retaining the activity of glutathione peroxidase (GPx) and superoxide dismutase (SOD) in liver [33] . Likewise, the antioxidant properties of vitamin E have been strongly demonstrated in many studies [12, 13] . In this study, the over expression of fibrotic factors TGF-β1 and Smad-2was observed post n-TiO 2 administration; however, idebenone, carnosine and vitamin E down regulated these parameters, with the combination regimen showing the most significant effect. TGF-β1 is a prominent antiproliferative and profibrogenic cytokine that signals through the TGF-β receptor (TβR), which in turn phosphorylates Smads at the smad homology 2 domain [34] . Perturbation of TGF-β1 signaling has been implicated in several developmental disorders and in various human diseases, including cancer, fibrosis and autoimmune diseases [35] . n-TiO 2 was found to be a potent inducer and regulator of matrix metalloproteinase-1 (MMP-1) and TGF-β expression and activity, partly via an IL-1β-dependent mechanism [36] . It has also been reported that the expression of TGF-β in mouse liver accelerates hepatocarcinogenesis and enhances DNA damage due to chronic oxidative stress. Thus, the effect of these antioxidants could be related to their ability to alleviate the encountered state of oxidative stress. In harmony, carnosine was reported to inhibit TGF-β production and signaling and to increase phosphorylation of Smad1 in hepatic injury [37, 38] . Vitamin E-treated mice exhibited less severe renal fibrosis through the inhibition of TGF-β1 and Smad2/3 protein expression [39] . Moreover, dietary supplementation with vitamin E inhibited hepatocarcinogenesis, reduced chromosomal alterations, abolished iNOS expression and suppressed heat shock protein (HSP) 70 and TGF-β expression in mice liver [40] .
VEGF has been demonstrated to be a major contributor to angiogenesis, which restores oxygen supply to tissues when blood circulation is inadequate [41] . Nevertheless, the stimulation of angiogenesis may lead to the transition from acute to chronic inflammation [42] . More importantly, oxidative stress was found to potently stimulate VEGF protein and mRNA levels [43] . In this study, there was an over expression of VEGF, accompanied by a significant elevation in NOx post n-TiO 2 administration; however, the tested antioxidants, especially in combination, ameliorated these changes. In agreement , it has been reported that the administration of n-TiO 2 caused a significant increase in serum immuno-inflammatory biomarkers, including VEGF and NO, with a concomitant decrease in GSH content in renal tissue. Meanwhile, the effect of idebenone may be related to its antioxidative and radical scavenging properties [44] . In the same manner, carnosine treatment prevented retinal vascular damage via normalization of the increased angiopoietin-2 and VEGF levels in diabetic retina [45] . Vitamin E significantly reduced VEGF expression through oxidative stress reduction [46] .
Conclusion
Treatment with idebenone, carnosine, and vitamin E alone and in combination alleviated the n-TiO 2 -induced alterations in the previous biomarkers and effectively reduced histopathological changes. The combination of these three antioxidants showed a somewhat more potent effect, which may be related to their ability to attenuate the liberation of ROS and inflammatory mediators, as well as angiogenic factors. This study merits the use of this combination in ameliorating the risk factors induced by metal NPs. 
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